In order to provide more useful information for the decision makers in 10 China to implement sustainable energy policies and to identify which region in China 11 is most suitable to build the biofuel production plants for fast pyrolysis and 12 hydroprocessing of corn stover, the present study has evaluated the production 13 efficiency and sustainability of large-scale transportation fuel production via fast 14 pyrolysis and hydroprocessing of corn stover in China using Emergy analysis approach.
investigated indicates that the hydrogen purchase scenario in NCP is the best biofuel 23 production case due to its second best sustainability and the second highest production 24 efficiency. In comparison to bioethanol from cassava chips and wheat and biodiesel 25 from jatropha curcas L, the hydrogen purchase scenario in NCP is also the most 26 sustainable plan for a biofuel production plant in China. As water, fertilizer and 27 hydrogen are the three biggest emergy inputs in this case, improvements on the water 28 management, fertilizer management and hydrogen production technology have been With the rapid fossil fuel depletion, energy shortage and growing concerns on 36 environmental pollution all over the world, biofuels are playing an increasingly 37 important role as a renewable substitute for fossil-based fuels for transportation (Li et and biochemical processes, biomass-to-liquid transportation fuel production via fast
The aim of this study is to investigate the feasibility and sustainability of the 89 transportation fuel production system via fast pyrolysis followed by hydroprocessing 90 from the maize field residue(corn stover) in three main maize production regions 91 (Northeast China Plain (NECP), North China Plain (NCP) and Shaanxi Province 92 (SXP))of China. The region which is most suitable for the biofuel production from corn 93 stover among the three studied regions in China has been identified using the emergy 94 indices. Some efficacious strategic measures have been put forward to promote the 95 sustainable development of transportation fuel production via fast pyrolysis followed 96 by hydroprocessing. The results and suggestions of the present study can provide some 97 useful information for government to formulate energy policies that can promote large-98 scale transportation biofuel production using corn stover in China.
99

2．Material and method
100
In this section, how to apply emergy methodology to the system of biofuel 101 production via fast pyrolysis followed by hydroprocessing is first introduced and then 102 the six cases to be analyzed are identified and selected and finally the three main stages 103 of the biofuel production (maize production, corn stover collection and transportation, 104 fast pyrolysis and hydroprocessing) in the six cases are described. 
2.1Emergy analysis
106
Emergy methodology was introduced to provide a method of assessing different 107 systems by Odum H. T. (Odum, 1996) and is usually used to evaluate the sustainability emergy by multiplying relevant transformities (Odum, 1996) . The emergy yield (Y)
119
represents the output of the total emergy produced by the given system. Finally, the 120 relevant emergy indices are calculated by using all emergy flows to evaluate the overall 121 sustainability of the process and used for the comparison with other technologies (Cruz 122 and Nascimento, 2012). Emergy indices related to the sustainability metrics, selected 123 to evaluate the biofuel production from corn stover, are presented in Table 1 . Table 2 Six cases of biofuels production via fast pyrolysis and hydroprossingof corn stover
157
NECP, NCP and SXP are the three main regions for maize production in China.
158
All input data and maize yields for the maize production systems in NECP, NCP and a. The emergy baseline was upgraded to the value of 15.2E+24 seJ/year (Brown and Ulgiati, 2010). However, alltransformities in this study were 171 calculated based on the emergy baseline value of the 9.44E+24seJ/year (Odum, 1996) . This is due to easy comparison of the results in other study 172 using the same emergy baseline.
173
b.This item includes nitrogen, phosphorus, potash fertilize and compound fertilize.Unit of this item is J not g. Table 4 . 
Fast pyrolysis andhydroprocessing
200
Fast pyrolysis is a thermochemical pathway that can be used to transform biomass 201 to three main parts: bio-oil, bio-char, and non-condensable gases. In this study, corn 202 stover is subjected to fast pyrolysis followed by hydroprocessing based on the model production scenario is used to produce H2 and hence the yield of bio-fuels is reduced.
227
All input data related to the stage of fast pyrolysis and hydroprocessing including labor, 228 electricity machinery, catalyst, water and hydrogen are included in Table 5 . 
Emergy inputs of the selected six cases
243
As shown in Table 6 , the total emergy uses (U) of the six cases are4.53E+20sej,
244
5.48E+20sej, 1.15E+21sej, 1.24E+21sej, 6.38E+21sej and 6.48E+21sej, respectively.
245
Compared with the fields in NECP and in NCP, the fields in SXP are poorer and need 246 more materials and energy inputs to produce the same quantity of corn stover. The 247 distributions of all emergy inputs of the six cases are presented in detail in Figure 3 . reduce the resource inputs and increase the sustainability of a corn stover-based biofuel 258 system, they need to pay more attention to the required input flows of fertilizer, water, 
Emergy indices
307
As shown in Table 6 , the Tr valuesof the 6 cases are2.15E+05 sej/J, 7.08E+04 sej/J, higher than those of coal (6.71E+04sej/J), natural gas (8.05E+04sej/J) and crude oil 313 (9.07E+04sej/J) (Odum, 1996) .Therefore, the results of the emergy analysis indicate 314 that the fossil fuels made by nature are more efficient than the biofuels produced by 315 human. Compared with other biofuels seen in Table 7 , Case 2 is also more efficient than 316 ethanol from cassava chips and sugarcane, and biodiesel from soybean, sunflower and 317 cotton. However, it has no advantage over biodiesel from canola and oil palm. Case 2 318 can be more competitive if the issue of food security affecting the biodiesel production 319 from canola and oil palm is taken into account. Therefore, it can be concluded that the 320 biofuel production via fast pyrolysis and hydroprocessing of corn stover can be one of 321 the best biofuel production routes. 
Emergy yield ratio (EYR)
324
EYR is a useful indicator to reflect the ability of a process or system to explore 
Environmental loading ratio (ELR)
335
ELR is an index with regard to ecosystem stress from production. shown in Fig. 6 , Case2 is the most efficient, but their sustainability is not acceptable.
368
As the maize-maize continuous cropping system dominates in NECP (Zhang et al., in SXP consumes a lot of labor, indicating that agricultural mechanization level is low.
375
In order to make the whole producing system more sustainable in SXP, more 376 agricultural machinery should be used to improve the production efficiency. Case 3 and
377
Case 4 in NCP exhibit strong economic viability as well as excellent sustainability, and 378 their production efficiencies are moderate. Therefore, NCP is the best region for 379 building plants to utilize the crop residue.
380
The yields of bio-oil from fast pyrolysis in all cases are the same (Wright et al., purchase scenario is much lower than that of the hydrogen production scenario,
386
indicating that more products are obtained with the same amount of emergy input to the 387 production system. Therefore, in any of the three main maize production regions, the 388 hydrogen purchase scenario is always more efficient than the hydrogen production 389 scenario. Consequently, the hydrogen purchase scenario in NCP (Case 4) is the best 390 choice to produce transportation fuels from corn stover due to its second sustainability 391 and second highest production efficiency. 
Comparison with other biofuel production pathways in China
397
In Italy, literature have focused on biofuels from sunflower, microalgae and system competes for land and water that are used for food and fiber production.
411
Therefore, Case 4 can be considered as the best biofuel production pathway in China
412
based on the emergy analysis of this study and previous work of others (Yang, 
Sensitivity analysis
416
Uncertainties or changes with the characteristic factors of a whole production 417 system affect the efficiency and sustainability of the biofuel production system. For should be given to the improvement of corn stover yield and hydrogen price in order to 445 achieve better production efficiency and sustainability of the biofuel production system.
446
Further, Case 4 with the four parameters varying within the specified ranges still 447 acquires the second best production efficiency and the second best sustainability among 448 all 6 cases, with Tr varying from 1.38E+5 to 1.87E+5sej and ESI varying from 1.10 to 449 1.41.Comparing with other biofuel production pathways in China (Table 5) , it still 450 achieves the best sustainability and the second highest production efficiency. Therefore,
451
it can be concluded that Case 4 is expected to bethe best case for the biofuel production 
4.4Improvement measures
455
Based on the results of the emergy input analysis and emergy indices of the biofuel 456 production systems, the hydrogen purchase scenario in NCP (Case 4) is considered to 457 be the best choice for biofuel production using corn stover in China. Maize production 458 and fast pyrolysis and hydroprocessing are the two major stages in Case 4, with 74.9% 459 and 24.6% of total emergy inputs. In addition, these two processes have significant 460 influences on the corn stover yield and bio-oil yield, respectively. Therefore, there are 461 large amounts of emergy inputs on water, fertilizer and hydrogen, meaning that the 462 production efficiency and sustainability of the production system can be enhanced by 463 improving water and fertilizer management and hydrogen production technology.
464
The soil condition and climate in NCP are suitable for growing winter wheat and 
4.4.1Water management
470
The optimal amounts of irrigation water for winter wheat and summer maize are 
4.4.2Fertilizer management 484
Commonly, on average, 170 kg N /ha, 32 kg P /ha, and 130g K /ha for wheat,
485
189kg N /ha, 34 kg P /ha, and 212g K /ha for maize are required to achieve the 486 productivity of wheat (6.9t/ha) and maize (8.3t/ha) in NCP .Compost fertilizers with low transformity result in higher grain yields (Zhao et al., 2013) . Organic 
4.4.3Hydrogen production technology
499
Natural gas steam reforming is the most common hydrogen production method 500 and meets around 50% of the global hydrogen demand, while30% of hydrogen 501 production comes from oil reforming, with 18% from coal gasification, 3.9% from 502 water electrolysis and 0.1% from other resources (Muradov and Vezirolu, 2005; Dincer 503 and Acar, 2015). Most of hydrogen in commercial use today is produced from fossil 504 fuels due to its low cost and efficient purification but it is also associated with some 505 shortcomings such as high capital, operation and maintenance cost and non-renewable.
506
Hydrogen production methods from renewable resources such as water and biomass are 507 fast developing. In this study, the hydrogen production scenario from corn stover has 508 no production efficiency advantage over the hydrogen purchased scenario, indicating 509 that the hydrogen production technology from corn stover is not a better way to produce 510 hydrogen than those commercially available on the market at present. Maybe hydrogen 511 production methods from other biomass (not corn stover) are better than natural gas 512 steam reforming. Like an ecological food chain, the more energy transformation 513 hierarchies are, the more solar energy input to maintain the "consumer" in the highest 514 hierarchy, resulting in a higher solar transformity (Howard, 1988) . Therefore, hydrogen 515 from biophotolysis, photofermentation and photoelectrolysis should have lower 516 transformities due to directly decomposing water by sunlight. However, it is generally 517 accepted that solar energy-based hydrogen production methods will be unlikely to yield 
Policy implications
523
The biofuel production system via the fast pyrolysis and hydroprocessing of corn stover 524 is a complex process involving many sectors such as agriculture, transport sector, 
Limits and drawbacks
553
In this study, the emergy approach is used to evaluate the production efficiency 554 and sustainability of the whole biofuel production system. However, there are still some 
Conclusions
571
The present study has evaluated the efficiency and sustainability, using emergy 572 analysis, of two biofuel production scenarios (the hydrogen production scenario and the 573 hydrogen purchase scenario) via fast pyrolysis and hydroprocessing of corn stover in 574 three main maize production regions in China: NECP, NCP and SXP. The analysis of 575 the emergy input structure has shown that the maize production stage has the biggest 576 emergy input, while the fast pyrolysis and hydroprocessing stage has the second biggest 577 emergy input, for all 6 selected cases. Most of the inputs come from non-renewable 578 resources from economy. Four biggest emergy input flows of the whole biofuel 579 production system are fertilizer, water, hydrogen and electricity and hence must be 580 given more attention in order to improve the efficiency and sustainability of the biofuel 581 production system. Among the 6 cases considered, the hydrogen purchase scenario in 582 NCP, i.e., Case 4 is the best plan for the corn stover-based biofuel production system 583 due to the combination of its second best sustainability and second best production 584 efficiency. In addition, Case 4is also found to be a better biofuel production pathway 
